A platform for the study of highly charged ions (HCIs), the surface-foil-gas-plasma interaction at IMP Lanzhou, is introduced. Some potentially useful results obtain over the last few years on x-ray emission, ion sputtering, secondary electron emission and the nano-etching effects during HCIs' impact on surfaces, as well as the guiding effect of nano-capillaries, are reviewed. Our ongoing work on the HCI interaction with plasma is also reported.
Introduction
For a singly charged ion, the interaction process with surfaces is related mainly to the kinetic energy of projectiles. However, for a highly charged ion (HCI) that carries a large amount of potential energy, the interaction process becomes quite complicated. In particular, the potential energy deposition takes place only at the outermost layer of the surface, mainly through the inelastic electronic exchange process. As a result, an extremely high power density and a veriety of new physical phenomena are produced, such as the enhanced sputtering yield and secondary electron emission, x-ray emission and the creation of nano-scale defects on surfaces. Because of the unique nature of the interaction process of HCIs with surfaces, it has been intensively studied for many years.
However, the mechanism of potential energy deposition on the surface region is still not clear although many theoretical models have been proposed so far to describe the process. In particular, the classical over-the-barrier model is the most popular one for HCIs interacting with metallic surfaces, which describes the process in the following steps: the incident HCI resonantly captures electrons from the surface when it reaches a critical distance, and the electrons are captured into the highly excited state to form a hollow atom (HA). When the HA reaches the surface, the 'peeled off' and 'side-feeding' processes take place; simultaneously a second-generation HA is formed below the surface [1] [2] [3] .
Through the Auger and radioactive de-excitation processes, the potential energy is completely dissipated to the surface. However, for HCIs impacting on an insulator surface, the Coulomb explosion model [4] , the defect-mediated model [5] and the ultrafast electronic excitation model [6] are proposed to explain the sputtering phenomena, the nano-etching effect and so on. However, each model is suitable to explain only a specific result. A deeper understanding of the interaction process is very much required.
In order to systematically study the process of HCI interaction with surfaces, the x-ray emission, secondary electron emission yield and sputtering yield were measured, respectively. The guiding effect of nano-capillaries for HCI going through them and the nano-defect induced by the HCI impact on highly oriented pyrolytic graphite (HOPG) were investigated, too. Moreover, a new instrument on the HCI interaction with gas-plasma for a future high-energy density physics (HEDP) study is also introduced.
The HCI physics platform at IMP
Starting from 2002, an 18.5 GHz Electron Cyclotron Resonant Ion Source (ECRIS) at the Heavy Ion Research Facility at Lanzhou (HIRFL) was assembled; the range of ion kinetic energy was limited to 5-25q keV [7] , which means that the ion velocity was much less than the Bohr velocity. A series of experiments on the sputtering yield, secondary electron yield and x-ray emission induced by such slow and highly charged ions impacting on the surfaces were carried out, and the results showed that the projectile potential energy (determined by the charge state of the HCIs) plays a very important role in those processes. However, after a 320 kV ECRIS platform (with an accelerating voltage of up to 320 kV, as shown in figure 1 ; for details of the construction see [8] ) was completed in 2006, together with a large range of potential energies, the range of the kinetic energy was much broadened, and the velocity of the HCIs could exceed the Bohr velocity. As we know, the electron exchange processes in the sub-inner and/or inner shells will be much more enhanced for ions with a velocity near the Bohr velocity. The dynamics of the ion collision in this special kinetic energy range combining a large potential energy (i.e. charge state) range is still not clearly understood.
The 320 kV platform provides a unique tool for experimental research on the dynamics of HCI collision near the Bohr velocity. In future, we will mainly focus on the research at Terminal No.1 concerning the interaction of HCIs with different types of material including solid, foil, capillaries, gas and plasma.
Recent results and discussions

X-ray emission spectrum
The x-ray emission induced by HCI impact on solids was studied using the platform at IMP [9] [10] [11] [12] [13] [14] . Figure 2 shows the results of HCI impact on beryllium surfaces and residual gases, respectively [15] . It is obvious that the result of the impact of Xe 17+ on beryllium has a lower broad-width peak. This is evidence of the secondary hollow atom formation mentioned in the COB model. Figure 3 shows the charge state dependence of two-electron one-photon (TEOP) transitions [16] . This dependence may be related both to the effective nuclear charge and to the increase of possible channels for TEOP transition that occurs when the number of initial M vacancies is increased. the secondary electron emission yields for different targets increase almost linearly with the potential energy of HCI. Figure 5 shows the results that sputtering yield increases with charge state when Pb q+ ions impact on the Si surface (a) [20, 21] and that sputtering yield increases with potential energy on the Au surface (b) [22] . In different materials, the results show different sputtering yield trends: in insulator, the sputtering yield increases almost linearly with potential energy, whereas in the conductor Au, the sputtering yield remains the same within the lower potential energy region but increases dramatically with potential energy after the potential energy exceeds a certain value, which is called the potential sputtering threshold effect. Luckily, all the results we observed are strong proof of the potential effect of HCIs on insulator and the metal.
Secondary electron emission yield
Sputtering yield
Guiding effect of nano-capillaries and nano-defects produced on HOPG
Xe
7+ ions pass through the nano-capillaries. The outgoing ion yield distribution versus observation angle at different tilt angles is shown in figure 6 . The apparent guiding effect is observed and the transition fraction of HCIs decreases with tilt angle for the nano-capillaries [23, 24] . The size modification of Au nano-particles with HCIs has been studied by Xu et al [25, 26] ; the hillock-like nano-defects on HOPG produced by Xe q+ ion impact were investigated and the results are shown in figure 7 [27] . The width increases with charge state and the height remains the same within q = 23-29.
Owing to the unique interaction process between HCIs and solid surfaces, the potential energy is deposited only on the surface region without any damage to the deeper part of the material; the method of nano-defect production using HCI beams has high efficiency. In addition, the guiding effect of nano-capillaries has potential applications in surface structuring.
Outlook of the study of ion-plasma interaction at IMP
In the future, a gas discharge plasma target will replace the target chamber used for experiments with solid surfaces, foils and capillaries, in order to study the ion-plasma interaction [28] . The HCIs extracted from 320 kV ECRIS will be employed to impact the plasma target. As shown in figure 8 , the charge state distribution, beam transfer and energy loss of ions with different initial charges and velocities could be recorded with position-sensitive detectors behind the bending magnet.
It should be mentioned here that the cooling storage ring at IMP has very good working parameters, especially for the scaling study of heavy ion-driven fusion (HIF) and HEDP [29] [30] [31] . The investigation of ion-plasma interaction could provide a great deal of important information for future work on HIF and HEDP at IMP.
As a passing comment, HIRFL, one of the four National Laboratories of China, is open to scientists all over the world; scientific communications and collaborations are warmly welcome.
